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Abstract
Background—Drug-paired environments can act as stimuli that elicit drug craving. In humans, 
drug craving is influenced by the amount of time abstinent, number of past periods of abstinence, 
and inadvertent exposure to the previously abused drug. The current experiments were designed to 
determine the effects of (a) the duration of abstinence on expression of EtOH-seeking; (b) EtOH 
priming following a short and long abstinence period; and (c) repeated deprivation cycles on 
relapse drinking and EtOH-seeking.
Methods—Rats were allowed to self-administer 15% ethanol (EtOH), processed through 
extinction training, maintained in a home cage for a designated EtOH-free period, and then 
reintroduced to the operant context in the absence of EtOH. The experiments examined the effects 
of: 1) various home cage duration periods (1 to 8 weeks), 2) priming injections of EtOH in the 
Pavlovian Spontaneous Recovery (PSR; 14 days after extinction) and Reinstatement of 
Responding (RoR; I day after extinction) models, and 3) exposure to repeated cycles of EtOH 
access-deprivation on relapse drinking and EtOH-seeking behavior.
Results—Highest expression of EtOH-seeking was observed following 6 weeks of home-cage 
maintenance. Priming injections of EtOH were more efficacious at stimulating/enhancing EtOH-
seeking in the PSR than RoR model. Exposure to repeated cycles of EtOH deprivation and access 
enhanced and prolonged relapse drinking and the expression of EtOH-seeking (318 ± 22 
responses), which was not observed in rats given equivalent consistent exposure to EtOH (66 ± 11 
responses).
Discussion—Overall, the data indicated that the PSR model has ecological validity; factors that 
enhance EtOH craving in humans enhance the expression of EtOH seeking in the PSR test. The 
data also detail factors that need to be examined to determine the biological basis of EtOH-seeking 
(e.g., neuroadaptations that occur during the incubation period and following repeated cycles of 
EtOH drinking and abstinence).
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INTRODUCTION
Alcohol addiction is characterized as a chronic reoccurring illness. In humans, the effects of 
environmental cues to elicit drug-seeking behaviors after a prolonged abstinence period may 
contribute to the chronic relapsing nature of alcohol addiction (O’Brien et al., 1998). Cues 
associated with alcohol use can readily enhance self-reported craving for alcohol, and this 
effect is heightened in alcohol-dependent patients (Gauggel et al., 2010).
Clinical findings have shown that real-world drug-associated environments have an 
important role in precipitating craving in abstinent drug users (Conklin et al., 2008; 2009). 
Context in which alcohol has been consumed has also been shown to have a significant 
impact on Pavlovian-conditioned alcohol-seeking in non-selected rats (Chaudhri et al., 
2008a, b; 2009; Janak and Chaudhri, 2010). In these studies, alcohol consumption occurred 
in a specific environment (context A), extinction training was conducted in a different 
context (context B) and then animals are returned the original context (A) for renewal 
context seeking. The renewal paradigm can readily elicit EtOH-seeking and was readily 
observed with non-selected stock rats 21 days after the last extinction session (Chaudhri et 
al., 2008a,b; 2009; Janak and Chaudhri, 2010). In alcoholics undergoing treatment, relapse 
can occur after weeks to months of abstinence (Ferri et al., 2006). Therefore, it would be 
important to determine the impact of prolonged abstinence on environmental context-
induced EtOH-seeking in a suitable animal model of alcoholism (McBride et al., 2014).
Context has been shown to influence extinction learning and reinstatement of previously 
learned behaviors (Bouton, 2002). In a spontaneous recovery paradigm, subjects are allowed 
to self-administer in a specific environment, the behavior is extinguished in the same 
environment, the subjects are withheld from that environment for a certain time, and 
behavior is recorded when the animals are returned to the original environment. The 
expression of a spontaneous recovery is directly correlated to reward saliency (Honig and 
Staddon, 1977), contextual cues associated with first-learned signals, and the amount of 
first- and second-learned associations (Brooks, 2000). In general, the spontaneous recovery 
phenomenon has been asserted to be the result of an intrinsic shift away from the recent 
extinction (second-) learning to the initial reinforced learning responses, which reflects an 
intrinsic motivation to obtain the previously administered reward (Rescorla, 2001, Bouton, 
2002, 2004). Since spontaneous recovery is defined in the alcohol clinical literature as the 
cessation of alcohol consumption in human alcoholics without treatment intervention, we 
have altered the term to Pavlovian Spontaneous Recovery (PSR). PSR is a unique 
phenomenon in that it is time dependent, and the behavior appears to be dependent on the re-
exposure of the organism to cues in the behavioral environment previously associated with 
the reinforcer. The PSR model has been used to study environmental context-induced EtOH-
seeking behavior following a prolonged period of rest after extinction training (Rodd-
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Henricks et al., 2002a, b; Rodd et al., 2006; Hauser et al., 2011) and the expression of PSR 
can be enhanced by exposure to EtOH odor cues or EtOH priming (Rodd-Henricks et al. 
2002a, b). This model measures EtOH-seeking after physical signs of withdrawal have 
dissipated and may be a better measure of craving-like behavior that persists in humans who 
have been abstinent for many weeks to months. Thus far, the duration of the ‘rest’ period 
following extinction on expression of EtOH-seeking has not been fully explored.
Many alcoholics go through repeated periods of high alcohol drinking and periods of 
abstinence (Burish et al., 1981; Hilbrom 1990; McMillen 1997). Repeated cyclic patterns of 
consumption and deprivation may have severe consequences, as suggested by findings that 
multiple previous detoxifications are associated with a reduction in the response to treatment 
of withdrawal symptoms and heavier drinking during relapse (Malcolm et al., 2000). 
Repeated alcohol deprivation cycles have been reported to progressively increase EtOH self-
administration with each cycle (Rodd et al., 2003). However, the effects of repeated 
deprivation cycles on expression of EtOH-seeking have not been adequately addressed.
Inadvertent exposure to the past abused drug or a compound that produces similar intrinsic 
effects can stimulate drug-seeking in humans (Field et al., 2008:; de Wit 1996). Stewart and 
colleagues paralleled this phenomenon when creating the Reinstatement of Responding 
(RoR) model of drug craving (de Wit and Stewart, 1981; Stewart, 1983, Shaham et al., 
1997). Briefly, in the RoR model, animals are allowed to self-administer a drug for a certain 
time period and then processed through extinction training in the same environment. Testing 
for drug-seeking occurs following experimenter administration of the past self-administered 
drug or another compound immediately prior to reintroduction into the test environment. 
Priming doses of EtOH or exposure to stress can elicit EtOH-seeking in the RoR model (Le 
et al., 1998, 1999). In the PSR model, P rats readily demonstrate EtOH-seeking behavior 
without priming or use of stress, whereas this is not the case in the RoR model. A main 
difference between the two procedures is the length of the interval between the last 
extinction session and testing for EtOH-seeking, with the results suggesting that during the 
extended abstinence period neuroadaptations are occurring which enhance the expression of 
EtOH-seeking behavior. If this is the case, then EtOH-priming would be expected to have a 
greater impact on EtOH-seeking in the PSR model than the RoR model.
The objectives of the current study are to (1) determine the effects of the duration of 
abstinence on expression of EtOH-seeking in the PSR test; (2) compare the effects of EtOH 
priming on expression of EtOH-seeking in the RoR vs. PSR model; and (3) determine the 
effects of repeated deprivation cycles on expression of EtOH-seeking in the PSR test. The 
overall hypotheses to be tested are that robust EtOH-seeking behavior will still be observed 
in alcohol-preferring (P) rats after 4 or more weeks of abstinence, EtOH-priming will have 
more profound effects in the PSR than RoR model, and repeated cycles of deprivation will 
progressively increase relapse drinking and expression of EtOH-seeking behavior.
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MATERIALS AND METHODS
Animals
Adult male P rats from the 66th – 68th generations weighing 250–325g at the start of the 
experiment were used. Rats were maintained on a 12-hr reversed light-dark cycle (lights off 
at 0900 hr). Food and water were available ad libitum throughout the experiment, except 
during operant testing. The animals used in these experiments were maintained in facilities 
fully accredited by the Association for the Assessment and Accreditation of Laboratory 
Animal Care (AAALAC). All research protocols were approved by the institutional animal 
care and use committee and are in accordance with the guidelines of the Institutional Care 
and Use Committee of the National Institute on Drug Abuse, National Institutes of Health, 
and the Guide for the Care and Use of Laboratory Animals (Research Institute for 
Laboratory Animal Research, 2011).
Operant Training
EtOH self-administration procedures were conducted in standard two-lever experimental 
chambers (Coulbourn Instruments, Allentown, PA), as previously described (Rodd et al., 
2006). Rats were placed into the operant chamber to self-train. Operant sessions were 60-
min in duration and occurred daily for 10 weeks (Fig. 1; Hauser et al., 2011, Rodd et al. 
2006). The EtOH concentration used for operant administration was 15% (vol/vol) and the 
rats received 0.1 ml of the EtOH per dipper presentation. During the initial 4 weeks of daily 
operant access, both solutions (water and EtOH) were reinforced on an FR-1 schedule. At 
the end of this time, the response requirement for EtOH was increased to an FR-3 schedule 
for 3 weeks, and then to FR-5 schedule for 3 weeks. The water lever was maintained on the 
FR1 schedule to allow easy access to water. Water was available so that the rats always had a 
choice between water and 15% EtOH. After the P rats had established stable levels of 
responding on the FR5 schedule for EtOH and FR1 for water, they underwent 7 days of 
extinction (60 min/day), when neither water nor EtOH was available (Hauser et al., 2011; 
Rodd et al. 2006). With the exception of no fluid being presented, the delivery system 
operated exactly as the preceding EtOH self-administration sessions.
Experiment 1 – Temporal Analysis of the Development of Context-Induced 
EtOH-Seeking—After extinction training, rats were maintained in the home cages for 1, 2, 
4, 6, or 8 weeks (Fig. 1; n = 61, 11–13/group), before being returned to the operant 
chambers for PSR testing (no EtOH or water present) for 4 consecutive sessions (Hauser et 
al., 2011; Rodd et al., 2006). There are 4 consecutive PSR sessions because previous studies 
have shown that exposure to EtOH odor cues or EtOH priming (Rodd-Henricks et al., 2002a, 
b) and some drugs (Dhaher et al., 2010) may enhance PSR responding for more than one 
session.
Experiment 2 – Priming Injections of Ethanol in the PSR and RoR Models—In 
the RoR model, expression of EtOH-seeking is usually observed following priming or stress, 
whereas a robust expression of EtOH-seeking by P rats can be observed in the PSR model 
without these manipulations. This experiment was conducted to determine the effects of 
EtOH priming on EtOH-seeking behavior the day after the last extinction session (RoR 
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procedure) and 2 weeks after the last extinction session (PSR procedure) (Fig. 1). All rats 
were given 10 weeks of daily operant access to EtOH, followed by 7 consecutive extinction 
sessions. For the RoR rats, the effects of an EtOH priming dose was tested on the day 
following the last extinction session (n = 59; n = 7–12/injection condition). Rats were treated 
with 0, 0.5 or 1.0 g/kg immediately or 30 min prior to EtOH-seeking testing (6 groups total). 
The immediate and 30 min time points prior to PSR were chosen to tease out any 
stimulatory effects of EtOH on locomotor activity (LMA) because previous studies have 
shown that low doses of EtOH can stimulate LMA during the 1st 30 minutes on the 
ascending end of the dose response curve but after the 1st 30 minutes LMA is relative to 
baseline on the descending end of dose response curve (Waller et al., 1986; Rodd et al., 
2004). For PSR rats, the standard 2 week home cage maintenance period following the last 
extinction session occurred prior to examining the effects of EtOH priming dose on EtOH-
seeking (n = 58; n = 8–12/injection condition). For both RoR and PSR testing, saline group 
sizes were 7–8, while for all EtOH doses tested, the group sizes were 10–12. The rats 
received a single injection prior to the 1st seeking session, but seeking testing (no EtOH or 
water present) occurred over 4 consecutive sessions.
Experiment 3 – Effects of Repeated Cycles of Deprivation and Access on 
Relapse Responding and Context-Induced EtOH-Seeking—Consistent findings 
have indicated that exposure to repeated deprivation cycles enhance responding for EtOH 
under operant conditions in a step-wise manner. To control for a history of high amount of 
lever presses, an additional control group was added to this experiment. This group was 
given an FR1 schedule for weeks 1–3, FR5 for weeks 3–4, and FR10 from week 5 onward.
There were 4 test groups in this experiment (n = 46; 10–12/group). Two groups of rats were 
never deprived of EtOH prior to extinction (an FR5 and FR10 constant group). These rats 
were given consecutive daily operant sessions for 16 weeks + 1 day. A once deprived group 
(FR5) received 16 weeks of consecutive daily operate sessions deprived for 2 weeks, 
reinstated for a single session, and then given extinction training. The repeated deprivation 
group (FR5) was given 10 weeks of daily access to EtOH, 2 weeks deprivation, 2 weeks 
access, 2 weeks deprivation, 2 weeks access, 2 weeks deprivation, 2 weeks access, 2 weeks 
deprivation, 1 day reinstatement, and then given 1 week of extinction training (Fig 1). All 
rats received a total of 16 weeks +1 day of operant EtOH access. PSR testing (no EtOH or 
water present) occurred 2 weeks after completion of extinction training and was conducted 
over 4 consecutive sessions (Hauser et al., 2011; Rodd et al., 2006).
Statistical Analyses
Overall operant responding (60 min) on EtOH and water levers data were analyzed with a 
mixed factorial ANOVA with a between subject factors of dose and time point and a 
repeated measure of ‘session’. The baseline measure for the factor of ‘session’ was the 
average number of responses on the EtOH (or water) lever for the last 3 extinction sessions. 
Operant EtOH responding data were also analyzed in 10-minute blocks, which required the 
additional repeated measure of time. Post-hoc Tukey’s b tests were performed to determine 
group differences.
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Results
Experiment 1 – Temporal Analysis of the Development of Context-Induced EtOH-Seeking
Examining the average number of responses on the lever previously associated with the 
delivery of EtOH between extinction average and the 4 PSR test sessions revealed a 
significant ‘Session’ by ‘Group’ interaction (Fig. 1, F16,224 = 4.90; p < 0.001; Figure 2). 
There was no significant effect of ‘Group’ for extinction baseline or the 3rd and 4th PSR test 
sessions (F4,58 values < 1.27; p values > 0.29). In contrast, during the 1st and 2nd PSR test 
session, there were significant differences between temporal ‘Groups’ (F4,58 values > 13.58; 
p values < 0.001). Post-hoc comparisons revealed that, during the 1st PSR test session, rats 
given 2, 4, 6 or 8 weeks of home cage maintenance responded more than rats given a single 
week of home cage maintenance, and rats maintained in the home cage for 6 weeks 
responded more than rats given a home cage period of 2 or 8 weeks. During the 2nd PSR test 
session the rats exposed to a home cage period of 4 or 6 weeks responded significantly more 
than all other groups. Paired t-tests revealed that rats maintained in their home cage for 2, 4, 
6 or 8 weeks responded more during the 1st PSR test session than compared to extinction 
lever of responding (p values < 0.002) and the 4 or 6 week groups responded more during 
the 2nd PSR test session compared to extinction lever of responding (p values < 0.013). 
There were no significant differences for responses on the lever previously associated with 
the delivery of water for any experiment (data not shown).
Experiment 2 – Priming Injections of Ethanol in the PSR and RoR Models
The overall analysis revealed a significant ‘Model’ (PSR vs RoR) × ‘Dose’ X ‘Time of 
Injection’ × ‘Session’ interaction (F8, 420 = 4.15; p < 0.001; Figure 3). Reducing the analysis 
to examine responding on the lever previously associated with the delivery of EtOH 
immediately following the EtOH priming injection (top two panels, Figures. 3a and 3b) 
revealed a significant ‘Model’ X ‘Dose’ X ‘Session” interaction (F8, 216 = 7.29; p < 0.0001). 
In P rats administered EtOH immediately prior to RoR testing, there was a significant 
‘Dose’ × ‘Session’ interaction (F8, 108 = 17.75; p < 0.0001). P rats administered 0.5 g/kg 
EtOH immediately prior to RoR testing displayed an increase in responding on the lever 
previously associated with the delivery of EtOH, while rats administered 1.0 g/kg EtOH 
displayed a reduction in responding, compared to saline control groups (top left panel, Fig 
3a).
In P rats administered EtOH immediately prior to PSR testing there was a significant ‘Dose’ 
× ‘Session’ interaction (F8, 108 = 3.26; p = 0.002).There were significant effects of ‘Dose’ 
during the 1st and 2nd seeking session (F2,270 values > 7.6; p values < 0.002). P rats 
administered 0.5 or 1.0 g/kg EtOH immediately prior to PSR testing displayed an increase in 
responding on the lever previously associated with the delivery of EtOH during Seek1, while 
rats administered 1.0 g/kg EtOH displayed an increase in responding during Seek2, 
compared to saline control groups (top right panel, Figure 3b).
In P rats administered EtOH 30 min prior to RoR testing, there was a significant ‘Dose’ × 
‘Session’ interaction (F8, 104 = 2.32; p = 0.024). There were significant effects of ‘Dose’ 
during the 1st and 2nd seeking session (F2,26 values > 5.33; p values < 0.011). P rats 
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administered 1.0 g/kg EtOH 30 minutes prior to seeking testing responded less on the lever 
previously associated with the delivery of EtOH compared to saline and 0.5 g/kg EtOH 
groups during sessions 1 and 2 (bottom left panel, Figure 3c).
In P rats administered EtOH 30 min prior to PSR testing, there was a significant ‘Dose’ × 
‘Session’ interaction (F8, 100 = 4.93; p < 0.001). There were significant effects of ‘Dose’ 
during the 1st and 2nd seeking session (F2,25 values > 8.63; p values < 0.001). P rats 
administered 0.5 or 1.0 g/kg EtOH 30 minutes prior to the 1st PSR testing responded more 
on the lever previously associated with the delivery of EtOH compared to saline and 1.0 g/kg 
group responded more than the 0.5 g/kg group (bottom right panel, Figure 3d) during 
sessions 1 and 2.
The temporal responding during the 1st EtOH-seeking session (Seek1) was examined in all 
groups (Fig. 3). The overall analysis revealed a significant ‘Model’ (PSR vs RoR) × ‘Dose’ 
X ‘Time of Injection’ × ‘Time Block’ interaction (F10,525 = 3.39; p < 0.001). Administration 
of 0.5 g/kg EtOH immediately prior to RoR or PSR testing resulted in significantly more 
EtOH lever responding during the first 20 min of testing (98.4% and 83.4% of total 
responding respectively; top panel Figures 4a and 4b). The major EtOH lever response 
difference was between the 1.0 g/kg EtOH immediate RoR and PSR groups. Responding on 
the lever previously associated with the delivery of EtOH in rats administered 1.0 g/kg EtOH 
immediately prior to RoR testing was suppressed for the whole 1 hr test session (Fig. 4a). In 
contrast, administration of 1.0 g/kg EtOH immediately prior to PSR testing resulted in 
suppression of responding for the initial 40 min, but, during the last 20 min period, EtOH 
lever responding was significantly increased (Fig. 4b). Statistical analysis between these two 
groups revealed only significant differences in the 5th and 6th time period (p < 0.0001).
EtOH administered 30 min prior altered only the PSR responding on the lever previously 
associated with the delivery of EtOH when examined in 10 min blocks of activity (F10, 125 = 
6.58; p < 0.0001; Fig. 4d). Rats administered 0.5 g/kg EtOH 30 min prior to PSR testing 
displayed a significantly higher level of EtOH-seeking during the 1st 10 min period 
compared to saline treated rats. Rats administered 1.0 g/kg EtOH 30 min prior to PSR 
testing displayed a reduction in EtOH-seeking behaviors for the initial 20 min of testing, but 
during the 3rd 10 min block the amount of EtOH-seeking expressed was greater than all 
other groups. Post-hoc comparisons indicated that all groups were different (0.5 g/kg > 
saline > 1.0 g/kg) during the initial two 10 min blocks, and, during the 3rd – 5th 10-min 
block periods, EtOH treated rats were significantly higher than saline treated rats, and, 
during the 6th 10-min block period, all groups were significantly different from each other 
(1.0 g/kg > 0.5 g/kg > saline).
Experiment 3 – Effects of Repeated Cycles of Deprivation and Access on Relapse 
Responding and EtOH-Seeking
In rats exposed to repeated cycles of EtOH access-deprivation (Figure 5), the amount of 
EtOH self-administration for the 3 sessions prior to deprivation (Base) did not differ across 
cycles (F3,9 = 1.24; p = 0.35). Examining the effects of repeated cycles of EtOH access-
deprivations (all 4 cycles) for alcohol consumption during the 1st re-exposure session 
indicated a significant effect of ‘cycle’ (F3,9 = 33.5; p < 0.0001). Responding following the 
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3rd deprivation cycle was increased compared to the 1st and 2nd cycle, and self-
administration following the 4th deprivation period was higher than all other deprivation 
cycle. T-test comparisons revealed that there was a significant ADE following each 
deprivation cycle (p values < 0.0001). An additional analysis examining the amount of EtOH 
self-administered across the re-exposure sessions following the 1st – 3rd access-deprivation 
periods revealed a significant ‘cycle’ by ‘session’ interaction (F10, 110 = 10.06; p < 0.0001). 
The estimated baseline EtOH intake for the groups was between 2.1–2.2 g/kg. The estimated 
intake for 1st session of re-exposure for the once-deprived group was 3.24 g/kg and for 
repeated deprivation the estimate intake for 1st session was 3.36 g/kg (1st re-exposure), 4.43 
g/kg (2nd re-exposure), 4.69 g/kg (3rd re-exposure), and 5.3 g/kg (4th re-exposure).
Blood EtOH concentrations (BECs) or amount of fluid consumed were measured in 
repeatedly deprived rats only at one time point (following the initial re-instatement session 
after the 3rd deprivation period). BECs were determined to be 209 ± 12 mg%. In addition, 
utilizing the same protocol to estimate EtOH fluid intake reported previously in our lab 
(Rodd et al., 2003) the amount of fluid consumed versus the amount of predicted 
consumption during this session was 93%. This is slightly lower than previously reported 
(97%; Rodd et al., 2003). Yet, this slight reduction may be the result of multiple causes; a) 
reduction in accuracy of obtaining the EtOH solution by highly intoxicated rats and/or b) 
rats adding saliva to the EtOH trough Furthermore, to eliminate a possible reduction in 
%fluid consumed between the FR5 and FR10 non-deprived groups, fluid intake was 
assessed in these rats during week 14. Similar to the past report (Rodd et al., 2003), the 
amount of predicted EtOH consumed was 95 and 97% for the FR5 and FR10 groups, 
respectively.
EtOH self-administration between each ‘cycle’ during individual sessions revealed that self-
administration following the 3rd deprivation cycle was greater during re-exposure sessions 
1–4 compared to that observed following the 1st and 2nd deprivation period. Additionally, 
there was a significant effect of ‘session’ following each deprivation period (p values < 
0.001). Paired t-tests revealed that following the 1st and 2nd deprivation period, EtOH self-
administration was increased during re-exposure session 1. Following the 3rd deprivation 
period, EtOH self-administration was increased during re-exposure sessions 1–4. In rats 
given a single deprivation period, there was a significant increase in EtOH self-
administration during the single re-exposure period (p < 0.001).
Extinction training responding was contrasted in all 4 groups (Figure 6). Responding during 
baseline (average of the last 3 sessions prior to extinction) was significantly different 
between the groups (F3, 42 = 18.2; p < 0.001). Logically, rats self-administering EtOH on the 
FR10 schedule of reinforcement responded more on the EtOH lever than all other groups, 
but received an identical amount of reinforcers. Overall, there was a significant ‘group’ by 
‘session’ interaction for responding on the lever previously associated with the delivery of 
EtOH during extinction training (F21, 294 = 3.12; p < 0.001). Examining the extinction 
responding during each extinction session revealed significant group differences during 
extinction sessions 1–3 (F3, 42 values > 13.8; p values < 0.001). During the 1st and 2nd 
extinction session, all groups were significantly different from each other. During the 3rd 
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extinction session, the repeatedly deprived group was significantly higher than all other 
groups.
Examining the effects of past drinking history on the expression of context-induced EtOH-
seeking (PSR; Figure 7) revealed a significant ‘group’ by ‘session’ interaction (F12, 168 = 
4.7; p < 0.001). Examining the responses on the lever previously associated with delivery of 
EtOH during the 1st PSR test session indicated a significant effect of ‘group’ (F3, 42 = 23.4; 
p < 0.001). Rats exposed to repeated cycles of EtOH access-deprivation responded more on 
the lever previously associated with the delivery of EtOH than all other groups and the level 
of responding was greater in the once deprived group then observed in rats that were non-
deprived . Similar differences between groups were observed during the 2nd PSR test 
session. Responding during the 1st PSR test session was elevated in the FR5 and FR10 non-
deprived groups compared to baseline (p values < 0.01), but there was no difference between 
these two groups. In rats repeated deprived or once deprived, responding on the lever 
previously associated with the delivery of EtOH was increased compared to extinction 
baseline for the 1st and 2nd PSR test session. There were no significant differences on water 
lever responses between groups for any of the experiments.
DISCUSSION
The major findings of this study are that (1) robust context-induced EtOH-seeking was 
observed following 8 weeks of EtOH abstinence (Fig. 2); (2) priming doses of EtOH were 
more effective in enhancing expression of EtOH seeking when given 14 days (PSR 
procedure) than 1 day (RoR procedure) after the last extinction session. (Fig. 3), (3) repeated 
cycles of deprivation progressively enhanced relapse self-administration (Fig. 5) and 
expression of context-induced EtOH-seeking (Fig. 7), and increased resistance to extinction 
(Fig. 6).
EtOH-seeking was observed in a time-dependent manner (Fig. 1). The observation that 
expression of EtOH-seeking was not observed after one week of home-cage rest but was 
observed after 2 weeks suggests that neuronal alterations were taking places during this 
period which reduced the effects of the extinction training and/or enhanced the effects of 
EtOH self-administration conditioning. The fact that P rats, maintained in the home cage for 
4 and 6 weeks, continued to respond in the 2nd PSR session, whereas rats in the home cage 
for 2 weeks did not, suggests that additional neuronal alterations may have taken place 
during the longer ‘rest’ periods to strengthen the association of the operant chamber context 
with EtOH self-administration. Maximal expression of EtOH-seeking was observed 
following 6 weeks of abstinence (Fig. 2).Although robust EtOH-seeking was observed after 
8 weeks of abstinence, the effect did not persist into the 2nd PSR session, suggesting some 
reductions in the neuronal alterations associated with EtOH self-administration had 
occurred.
Overall, the results of this study suggest that the motivation to obtain EtOH was maintained 
for at least 8 weeks in the absence of access to EtOH or further experience in the operant 
chambers. The retention of the rewarding actions of EtOH after 7 weeks of abstinence has 
been demonstrated to be present in the posterior VTA (Rodd et al., 2005). However, in this 
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study, extinction training was not done and repeated deprivation cycles were used. These 
findings with PSR model are in agreement with the learning phenomenon termed the 
incubation model that demonstrated operant drug-seeking responding following prolong 
periods of abstinence can be time-dependent, long-lasting, but not permanent, resulting in an 
inverted U-shape curve (Grimm et al., 2001;Lu et al., 2004; Lu et al., 2009). Bienkowski et 
al. (2004) using the incubation model showed that EtOH-seeking induced by context and 
discrete EtOH-associated cues reached maximal levels after 4 and/or 8 weeks in home cage/
abstinence phase compared to 24 hours in non-selective rats. In addition, a recent clinical 
study provided evidence for incubation of alcohol craving in humans (Li et al., 2015). Li et 
al. (2015) examined cue-induced alcohol craving after 4 time-points (7, 14, 30 and 60 days 
of abstinence) and found that cue-induced alcohol craving measures were the highest at 60 
days of abstinence. Taken together with the current study, these finding are in agreement 
with Gawin and Kleber (1986) hypothesis that suggests time points beyond the acute 
withdrawal phase may increase the vulnerability to cue- or context- induced craving 
behaviors.
Similar to the current findings, EtOH-seeking was also observed 14 and 21 days after 
extinction training in the renewal model of context-induced drug-seeking (Janak and 
Chaudhri, 2010). In the present study, extinction training was conducted in the same context 
as EtOH self-administration, suggesting that the environmental context plays an important 
role in determining the impact of extinction training on EtOH-seeking. The ability of a drug-
paired context to elicit seeking has been reported in the clinical literature in that real-world 
drug-associated environments can induce robust, persistent craving longer than the more 
general drug-specific cues (Fatseas et al., 2015). In addition, real-world drug-associated 
environments were associated with higher craving levels under conditions of abstinence as 
well as paralleling with increases of brain signals in areas of the brain involved in drug-
environment associations (McClernon et al., 2016).
Examination of the RoR model in the current study showed that unless the P rats are given a 
moderate priming dose of EtOH immediately prior to the session, they do not demonstrate 
EtOH-seeking (Fig. 3a). These results are similar to findings reported by others using non-
selected rats (Le et al., 1998; 1999). In contrast to the results with the RoR model, context-
induced EtOH-seeking was observed in the PSR model with saline and with both doses of 
EtOH (Fig. 3b and 3d). These results are consistent with neuronal alterations occurring 
during the 2-week home cage rest period that strengthened susceptibility to enhanced EtOH-
seeking.
In the RoR model, the 1.0 g/kg dose of EtOH reduced responding throughout the 60 min 
session (Fig. 4a and 4c), suggesting that this dose may be producing sedative or motor 
impairing effects. In the PSR model, the 1.0 g/kg EtOH dose suppressed responding for the 
first 30 min (Fig. 4c), but responding during the last 30 min recovered to the high level of 
responding observed for the P rats receiving 0.5 g/kg EtOH, suggesting the brain EtOH 
levels decreased below sedation and into the stimulating levels. This idea is supported by the 
findings with the P rats given the 1.0 g/kg dose of EtOH 30 min before the test session. In 
this case, reduced responding was observed within the first 20 min; however, by 30 min, 
responding had recovered to the high levels observed for the 0.5 g/kg group (Fig. 4d), and 
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exceeded the responding of the 0.5 g/kg group by the end of the session. The mechanisms 
underlying the stimulating effects of EtOH on EtOH-seeking in the PSR model have not 
been established. However, local microinjection of EtOH into the posterior VTA of P rats 
significantly enhanced expression of EtOH-seeking in the PSR model (Hauser et al., 2011), 
supporting the idea that the stimulating effects of EtOH on VTA dopamine neurons may be 
contributing to the EtOH-enhanced expression of EtOH-seeking.
Repeated cycles of deprivation produced profound effects on EtOH self-administration (Fig. 
5), resistance to extinction training (Fig. 6) and expression of EtOH-seeking (Fig. 7). These 
results indicate that repeated deprivation cycles produced robust increases in EtOH self-
administration that persisted across 4 sessions. These results are similar to results previously 
reported (Rodd et al., 2003), in which estimated intakes of approximately 4 g/kg body wt 
were attained in the 1-hr session on the first re-exposure day after repeated deprivation 
cycles; this level of EtOH intake would produce BACs in excess of 120 mg% (McBride et 
al., 2013). These results suggest that, with repeated deprivation cycles and progressive 
increases in the number of EtOH reinforcements, the rewarding actions of EtOH may have 
been enhanced and tolerance to the high dose non-rewarding (aversive, sedative) actions of 
EtOH may have developed. In support of this idea, an intra-cranial self-administration study 
reported repeated cycles of alcohol deprivation and access produced a prolonged increase in 
the sensitivity and response of the posterior VTA of P rats to the rewarding actions of EtOH, 
such that low and high concentrations of EtOH, which were not self-infused into the 
posterior VTA of the water control group, were now self-infused into the posterior VTA 
following repeated cycles of deprivation, even after 7 weeks of abstinence following the last 
EtOH drinking episode (Rodd et al., 2005). Both the non-deprived FR5 and FR10 groups 
essentially extinguished responding in the 1st extinction session (Fig. 6). This rapid 
extinction after approximately 10 weeks of EtOH self-administration was somewhat 
surprising. The P rats may have quickly learned that EtOH was not available and did not 
respond on either lever.
In contrast to the non-deprived groups, the repeatedly deprived group exhibited resistance to 
extinction (Fig. 6). With repeated cycles of deprivation and progressively higher EtOH 
intakes, associative learning between environmental context cues and EtOH reinforcement 
may have been enhanced (Katner et al., 1999; Macintosh 1977), the reward saliency of 
EtOH may have been enhanced (Macintosh 1977), and/or tolerance to the emotional aspects 
of the extinction paradigm may have developed (Azrin et al., 1966). The finding that 
responding in the PSR test was significantly higher in the repeatedly deprived group 
compared to the other groups suggests that neuronal alterations associated with EtOH-
seeking behavior was strengthened with repeated cycles of deprivation. Furthermore, these 
results suggest that the reward saliency of EtOH increased with cycles of deprivation and the 
progressively higher EtOH intakes during relapse.
Overall, the results suggest a single period of deprivation produces neuronal alterations that 
make it difficult to extinguish drinking behavior and also enhance expression of EtOH-
seeking. Furthermore, repeated cycles of deprivation and elevated relapse drinking will 
produce neuronal alterations that will make it progressively more difficult to resist relapse 
drinking. These findings are in agreement with human clinical findings (Malcolm et al., 
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2000), and patterns of binge drinking observed in human alcoholics (Finney and Moos 1991; 
Nezlek et al., 1994).
It is important to note the relevance of the FR10 control group in these experiments. The 
above listed effects of repeated cycles of alcohol access-deprivations was not based upon the 
fact that these animals had periods of heightened level of responding compared to the non-
deprived and single deprived groups. The FR10 control group responded on the EtOH lever 
approximately 800/session, which is equivalent to the amount of Repeatedly-Deprived group 
during the 4th re-exposure period (Figs 5 and 6). Unlike the single session of responding at 
this level for the Repeatedly-Deprived group, the FR10 group responded at this level for 
EtOH (but for approximately 50% of the reinforcers) for 12 consecutive weeks. In addition, 
the FR10 control group extinguished EtOH responding at a higher rate than all other groups. 
This finding parallels the learning field concept of negative contrast of extinction training 
(Macintosh, 1977). In general, negative contrast is a well replicated learning phenomenon in 
which animals with the highest work requirement for a reinforcer extinguish responding at a 
greater rate compared to animals that had self-administer a reinforcer at a lower work 
requirement. Further, the finding that the FR5 and FR10 control groups responded 
equivalently during the PSR testing validates this model in that seeking is not predicated 
upon past work requirement history but the saliency of the reinforcer.
In summary, the results of the current study indicate that context-induced EtOH-seeking can 
be exhibited by P rats even after a prolonged (2-month) period of EtOH abstinence, 
suggesting retention of the reward saliency of EtOH. In addition, the reward saliency of 
EtOH is markedly increased with repeated cycles of deprivation and EtOH drinking, as 
indicated by increased resistance to extinction and enhanced expression of EtOH-seeking 
with repeated deprivation cycles.
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Figure 1. 
Depicts the experimental time lines for the PSR, RoR, and deprivation experiments.
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Figure 2. 
Depicts the mean (± SEM) responses on the lever previously associated with the delivery of 
EtOH during PSR testing as a function of homecage duration period. * indicates that rats in 
the 2-, 4-, 6- and 8- week groups responded more than extinction baseline (Ext Base) and the 
6-week group responded significantly more than the 2- and 8- week groups. + indicates that 
4- and 6- week groups are elevated compared to extinction baseline and are significantly 
different than all other groups.
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Figure 3. 
Depicts the mean (± SEM) responses on the lever previously associated with the delivery of 
EtOH during RoR (Figs 3a & c) or PSR (Figs 3b & 3d) testing as a function of a priming 
injection of 0, 0.5 or 1.0 g/kg i.p. EtOH given immediately or 30 min prior to the 1st test 
session. # indicates that the 1.0 g/kg EtOH groups is significantly less than saline controls. * 
indicates that 0.5 g/kg treated rats are significantly greater than saline controls and extinction 
baseline. ^ indicates that both the 0.5 and 1.0 g/kg EtOH groups are significantly greater 
than saline controls and extinction baseline. + indicates that the 1.0 g/kg group are 
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significantly greater than all other groups and extinction baseline. ** indicates that all 
groups are different from each other.
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Figure 4. 
Depicts the mean (± SEM) cumulative responses on the lever previously associated with the 
delivery of EtOH during RoR (Figs 4a & 4c) or PSR (4c & 4d) testing as a function of a 
priming injection of EtOH during the 1st EtOH-seeking test session separated into 10-min 
blocks. * indicates all groups are significantly different from each other (0.5 g/kg > saline > 
1.0 g/kg). # indicates that the 0.5 g/kg group is significantly higher than saline and 1.0 g/kg 
EtOH group. + indicates that the 0.5 and 1.0 g/kg EtOH groups are significantly higher than 
saline controls. ^ indicates that all groups are significantly different from each other (1.0 
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g/kg > 0.5 g/kg > saline). ** indicates that responding in the 1.0 g/kg group is significantly 
lower than the saline and 0.5 g/kg groups.
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Figure 5. 
Depicts the mean (± SEM) EtOH responses during re-exposure as a function of deprivation 
cycle. * indicates that all groups are significantly greater than baseline and that responding 
following the 4th deprivation period was greater than all other groups, and responding 
following the 3rd deprivation period was greater than following the 1st and 2nd deprivation 
period. + indicates that EtOH responding following the 3rd deprivation period was elevated 
compared to baseline and significantly different from that observed following the 1st and 2nd 
deprivation period.
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Figure 6. 
Depicts the mean (± SEM) responses on the lever previously associated with the delivery of 
EtOH during extinction training as a function of past drinking history. * indicates that all 
groups are statistically different from each other. + indicates that rats repeatedly deprived 
responded more than all other groups.
Hauser et al. Page 23
Alcohol Clin Exp Res. Author manuscript; available in PMC 2017 October 01.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Figure 7. 
Depicts the mean (± SEM) responses on the lever previously associated with the delivery of 
EtOH during PSR testing as a function of past drinking history. * indicates that all groups 
are significantly different from extinction baseline (Ext Base), responding in repeatedly 
deprived rats is greater than all other groups, and rats exposed to a single deprivation period 
is greater than both non-deprived groups.
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